The objective of this study was to evaluate the leaching potential of sulfentrazone herbicide through bioindicator plants after the occurrence of natural rainfall in soils with clayey and sandy textures. The experimental design was completely randomized in a 3 x 8 factorial with four replications, with three levels of rainfall (30-40, 60-80 and 100-120 mm) and eight depth of soil profile (0-3, 3-6, 6-9, 9-12, 12-15, 15-20, 20-25 and 25-30 cm). The collections of samples occurred after sulfentrazone application at doses of 800 g ha -1 and 600 g ha -1 for the clayey and sandy soils, respectively, and subsequent accumulation of rainfalls. For the collection of soil samples, PVC columns with 30 cm and 15 cm in diameter were introduced in soil profile. The columns were carefully removed by digging around him and maintaining the original soil integrity during the collection. Subsequently, the columns were separated with cross section for the sowing of bioindicator species, sorghum and Bidens pilosa. After sowing, for evaluations of bioindicator plants in columns, it was adopted range of 0% to 100% of phytotoxicity, at 5, 7, 10 and 12 days after sowing. Leaching of sulfentrazone was dependent on rain accumulation and soil texture. In larger rain accumulations, sulfentrazone can be found deeper in soils of sandy textures. Sorghum was more suitable as bioindicator plant to demonstrate the herbicide presence at greater depths.
Introduction
Sulfentrazone is among the range of herbicides used in the cultivation of sugarcane, which belongs to triazolone chemical family and inhibits protoporphyrinogen oxidase (PROTOX), which causes the accumulation of protoporphyrinogen IX and formation of singlet oxygen (Scalla et al., 1990 ). This herbicide is used for controlling pre-emergence of weeds, grasses and sedges and it is registered in Brazil to be used in crops of great commercial importance such as sugarcane, soybeans, coffee, citrus and eucalyptus (Niekamp & Johnson, 2000 , MAPA, 2015 .
The weed control by sulfentrazone is by herbicide absorption, particularly by the roots, and also by contact of seedlings that emerge in the treated soil, and when exposed to light, these plants show necrosis and subsequent death due to fast dehydration, loss of chlorophyll and carotenoids from plant tissue, caused by lipid peroxidation (Oliveira Jr, 2001 ).
The sulfentrazone is highly mobile and persistent in soil and has a strong leaching potential for groundwater and movement by surface runoff (Rodrigues & Almeida, 2011) . Characterized as moderately soluble in water, this herbicide has a solubility of 780 mg L -1 , an average Koc of 43 mL g -1 , has a vapor pressure of 1x10 -9 mm Hg at 25 °C and dissociation constant (pKa ) is 6.5. With these properties, its half-life in soil is estimated between 14 and 280 days, ranging from local soil and climate conditions (Hatzios 1998 , Martinez et al., 2008 , Brum et al., 2013 , Mueller et al., 2014 . Acid herbicides such as sulfentrazone tend to ionize in aqueous solution and to generate anions, thus when pH is lower than its dissociation constant (pKa), it will predominate the molecular form which allows leaching, or otherwise, it will prevail in the dissociated form (Rossi et al., 2007) .
With the knowledge of sulfentrazone leaching potential in Brazilian soils, its use can cause environmental risks and contamination of groundwater (Grey et al., 2007 . In this context, knowledge of sulfentrazone behavior in soil is very important, as there are mechanisms such as adsorption and leaching, which interfere with its action when applied at pre-emergence of weeds (Rossi et al., 2005a) . When the application of sulfentrazone is performed in high temperature and rainfall periods, it tends to remain in the soil solution, turning it available to dissipation and leaching processes (Blanco & Velini, 2005) . In addition, when soil compaction is increased, it has the herbicide accumulation in soil surface, due to the restriction of water percolation and allowing increased available concentration to weeds and crops (Zobiole et al., 2007) .
As soil is the ultimate destination of most of herbicides applied in agricultural systems, this relationship between soil and herbicides is very dynamic. Thus, the mobility of herbicide molecules in soil profile, it will depend on several aspects, such as, amount of adsorbed herbicide and what have remained in soil solution, which occurred in absorption and adsorption processes. This herbicide capacity can affect the environment due to its surface runoff, leaching and plant uptake, therefore, it is important to understand the behavior of these herbicides, its efficiency in weed control as well as its environmental impact.
Thus, this study aimed at assessing the potential leaching of sulfentrazone in field, at rainfall occurrence in soils with contrasting textures, using bioindicator plants.
Material and methods
This study consisted of two phases, the first phase was deployed and conducted under field conditions and the second phase in greenhouse.
Two experiments were conducted under field condition, one in soil of sandy texture and another in clayey soil, classified as Litholic Neosols and Latosol, respectively (Embrapa, 2013) . The chemical and granulometric analyzes of soils were determined in samples of layers 0-10, 10-20 and 20-30 cm deep of both studied soils (Tables 1 and 2) . The experimental design was completely randomized with four replications, with treatments arranged in a 3 x 8 factorial, in which factors refer to 3 rainfalls occurred in environment, before the collection of samples (31, 62 and 114 mm for clayey soil and 36, 65 and 116 mm for sandy soil) and 8 depths (0-3, 3-6, 6-9, 9-12, 12-15, 15-20, 20-25 and 25-30 cm) .
In field phase PVC columns with 30 cm height and 15 cm in diameter were introduced, in soil profile. Then, sulfentrazone was applied. The dose was used as technical recommendation for each type of soil: 800 g ha -1 for clayey soil and 600 g ha -1 for sandy soil. The herbicide was applied on top of the columns (the ground surface) with 50 cm between the top edge of the column and the application bar with speed of 1 ms -1 . Sprayer pressurized by CO2 was used, equipped with spray nozzles Teejet XR 11002VS, under working pressure of 2 kgf cm -2 , providing a spray volume of 200 L ha -1 .
After sulfentrazone application, daily rainfall monitoring was performed during the experiment with rain gauges installed in the experimental areas. This allowed establishing dates for removal of PVC columns. It was predetermined three intervals of rainfall, the first interval of 30-40 mm, 60-80 mm for the second and finally the third interval of 100-120 mm. After the statement of accumulated rainfalls of 31 mm in the area with clayey soil and 36 mm in the area with sandy soil; at 4 days after application (DAA), the columns determined for the first interval of rainfall were removed (30-40 mm). Columns determined for the second interval (60-80 mm) were removed after an accumulation of 62 mm in clayey soil and 66 mm in sandy soil which at 11 DAA were reached, and finally to the third interval of rainfalls (100 -120 mm) the remaining columns were removed when the accumulated rainfall reached 114 mm in clayey soil and 116 mm in sandy soil, at 16 DAA.
The removal of PVC columns was carefully performed by digging around the column, maintaining the original soil structure. The bases of columns were supported to retain the soil with fine screens after field removal. In the greenhouse, the columns were separated into two halves by longitudinal section, with the aid of a metal wire, placing a galvanized sheet between the two halves in order to separate them without soil structure damage. Subsquently, sowing of bioindicator species was performed: sorghum (Sorghum bicolor (L.) Moench) (Bachega et al., 2009 ) and hairy beggarticks (Bidens pilosa L.) (Dower Neto et al., 2003) . In the center of each half of the column a line of 2 cm in depth was demarcated along the 30 cm of each part of the column, which sowing was carried out in order to emerge 25 plants per species in each part of the column.
The phytotoxicity assessments in bioindicator plants along each column were performed at 5, 7, 10 and 12 days after sowing (DAS). It was adopted as a evaluation criterion for plant phytotoxicity, the range of 0% to 100% (SBCPD, 1995) , where 0% corresponds to no injury and 100% the death of plants.
For statistical analysis, data were transformed into: y = arc sin (square root (x / 100)) and subjected to analysis of variance, the "F" test and the treatment means compared between each other by Tukey test at 5% probability.
Results and discussions
It is observed in Table 3 at 5 days after sowing (DAS) that sulfentrazone concentrations capable of providing phytotoxicity on sorghum reached the 6-9 cm layer of clayey soil studied under cumulative rainfall of 31 and 62 mm and under 114 mm of rainfall, the herbicide molecules provided phytotoxic effect on sorghum to 9-12 cm depht layer. Later evaluations at 7, 10 and 12 DAS, confirmed that sulfentrazone reached and remained until the layer of 9-12 cm depth of clayey soil, regardless of accumulated rainfall (Table 3) . It is noteworthy that sulfentrazone may have reached greater depths to those observed by phytointoxication of bioindicator plant, however at larger depths; the concentration was not enough to provide visual damage to bioindicator plant.
Due to the clayey soil characteristics, sulfentrazone tends to remain in the surface layers, 0-3 and 3-6 cm, but with potential to reach deeper layers as 9-12 cm as observed and up to 17.5 cm . The factors that influence the leaching of sulfentrazone in soil are pH and colloids of soil and soil with higher Fe oxide contents, adsorption of herbicide is decreased and its susceptibility to leaching increases when soil pH values is close to the pKa (6.5) (Alves et al., 2004 , Fernandes et al., 2003 .
When analyzing hairy beggarticks as bioindicator plant, it is observed that at 5 DAS high mobility of sulfentrazone in clayey soil, because it reached the 3-6 cm layer under a 31 mm rainfall accumulation, and besides reaching the layer of 6-9 cm depth under rainfall of 62 and 114 mm (Table 4) .
At 7 DAS, it is reported the same depth at which herbicide was found in the first assessment in the accumulated rainfall of 31 mm, for the remaining rainfalls, 62 and 114 mm, it was observed a herbicide into the depth of 9-12 cm (Table 4) .
In Table 4 , it is observed in the last two evaluation periods, 10 and 12 DAS, that sulfentrazone remained in the 6-9 cm layer on the occurrence of 31 mm of rainfall and at 9-12 cm layer when received rainfalls of 62 and 114 mm. Means followed by the same small case letter in the column and upper case on the line do not differ statistically by Tukey test (p > 0.05). ** significant at 1% probability. ns not significant. 1 DAS -days after sowing. 2 Data in parentheses were transformed using the equation "y = arc sin (square root (x / 100))". C.V. coefficient of variation. l.s.d. least significant difference. Means followed by the same small case letter in the column and upper case on the line do not differ statistically by Tukey test (p> 0.05). ** significant at 1% probability. ns not significant. 1 DAS -days after sowing. 2 Data in parentheses were transformed using the equation "y = arc sin (square root (x / 100))". C.V. coefficient of variation. l.s.d. least significant difference.
These data express the mobility of sulfentrazone is subject to many variables in field, however, it is understood that in general the sulfentrazone behavior can be mainly expressed by rainfall and soil physical characteristics in which is the herbicide. Also Rossi et al. (2003) found that the mobility of sulfentrazone had different behavior between studied soil classes, because under a 90 mm rainfall, sulfentrazone reached 12.5 cm depth in columns with Typic Quartzipsamment, as observed and under the same rainfall, sulfentrazone reached 7.5 cm depth in columns with red nitosol. Although soil moisture content may change the distribution of sulfentrazone between the solution and sorbed phases, researchers showed that sulfentrazone dissipation also showed temperature dependency, which suggests that the halflife value for sulfentrazone at surface of tropical soils may be shorter (Martinez et al., 2010) .
Mobility and adsorption of sulfentrazone in different clayey soils surfaces of Southern United States, was also distributed at depths of 9 cm, 13.5 cm and 18 cm and this was due to the clay content which ensures a reduced mobility of sulfentrazone (Ohmes & Mueller, 2007) . The particularity of sulfentrazone as being regarded as a herbicide that remains for long time in the soil is susceptible to environmental contamination processes, due to the large number of applications, resulting in high concentrations in soil and may be larger than agronomic recommendation (Blanco et al., 2010) , which contributes to real increase in herbicide leaching potential.
It is observed that regardless of bioindicator used in studies and environmental conditions in which they were conducted, the sulfentrazone molecules were detected by bioindicator plants at the maximum depth of 12 cm and despite rainfall plays an important role in mobility, this herbicide has little response to this factor and more to chemical and physical characteristics of the soil in which it was applied. A study conducted by Bachega et al. (2009) in Latosol under an accumulated rainfall of 106 mm in the studied area, they observed that sulfentrazone remained at a depth of 10 cm, i.e. even in high rainfall sulfentrazone responds to soil characteristics, being necessary attention regarding the recommended doses for each type of soil. The intensity of rainfall can influence dynamics and leaching of sulfentrazone in soil, which may be high in the case of large water volume . Table 5 shows the sulfentrazone action results in sandy soil with sorghum bioindicator. At 5 DAS, the phytotoxicity evaluation showed that the herbicide reached the 6-9 cm depth layer when it was occurred rainfall accumulation of 36 mm. The herbicide residual expressed in sorghum plants showed that sulfentrazone molecules reached the layer of 9-12 cm depth under a rainfall accumulation of 65 and 116 mm.
The subsequent evaluations at 7, 10 and 12 DAS ( Table 5 ), recorded that sulfentrazone mobility in sandy texture soil remained in the range of 0 to 15 cm depth in the highest rainfall (65 to 116 mm) and under less precipitation (36 mm) in the layer 0 to 12 cm depth in the soil profile. The sulfentrazone proved to have a greater leaching potential in soil of sandy medium texture when compared to clayey soil in the conducted study. Rossi et al. (2005b) observed that with increased saturation of the soil, there was an increase in the percolation of the product profile of a soil classified as Chernosol in which the herbicidal activity was observed through bioindicator plants to a depth of 17.5 cm under a rainfall of 90 mm. Studies conducted by Rossi et al. (2003) found that the survival of sorghum plants in soil treated with sulfentrazone decreases with increased depth and increased as rainfall. It was observed a tendency to drag and accumulation of this herbicide in the soil profile as rainfall. The adsorption of sulfentrazone generally decreased in response to increasing pH, i.e. mobility is reflected by the adsorption of the herbicide in the soil (Grey et al., 1997) .
By performing the analysis of hairy beggarticks bioindicator (Table 6) , it was recorded that the mobility of sulfentrazone in soil of sandy texture, similarly behaved to the results with sorghum. The leaching capacity of sulfentrazone molecules was already confirmed at the first evaluation (5 DAS), in which hairy beggarticks plants showed phytotoxicity until the depth of 12 cm. In remained evaluations (7, 10 and 12 DAS) it was found similar results, with a 36 mm rainfall accumulation when sulfentrazone layer reached 6-9 cm layer depth, however, under higher rainfall of 65 and 116 mm, sulfentrazone reached to the layer of 9-12 cm depth of sandy texture soil.
These results confirm the mobility capability of sulfentrazone, even if the used bioindicator species differentially respond when used in soil of sandy texture. Since, sulfentrazone mobility despite increased has not represented risk of leaching to deeper soil layers, in the observed experimental conditions, it is noteworthy that the prolonged use as in areas of sugarcane can modify its behavior, reaching greater depths in soil profile (Vivian et al., 2006) . It must be observed the persistence of sulfentrazone in sandy soil because persistence of herbicide in the environment represent its ability to develop residual activity in the area during a given period, i.e., herbicides with a higher persistence in soil also have an environment with more risk, either by contamination, leaching or erosion (Dan et al., 2010) . Means followed by the same small case letter in the column and upper case on the line do not differ statistically by Tukey test (p > 0.05). ** significant at 1% probability. ns not significant. 1 DAS -days after sowing. 2 Data in parentheses were transformed using the equation "y = arc sin (square root (x / 100))". C.V. coefficient of variation. l.s.d. least significant difference. Means followed by the same small case letter in the column and upper case on the line do not differ statistically by Tukey test (p > 0.05). ** significant at 1% probability. ns not significant. 1 DAS -days after sowing. 2 Data in parentheses were transformed using the equation "y = arc sin (square root (x / 100))". C.V. coefficient of variation. l.s.d. least significant difference.
The sulfentrazone leaching potential is real and when applied in subsequent years can reach even greater depths according to data collected by Coutinho et al. (2008) , which analyzed the leaching potential risk of herbicides used in soybean and maize crops, in the recharge areas of the Guarani Aquifer in Mato Grosso do Sul and among the studied herbicides, sulfentrazone showed high leaching potential in all evaluated soils in the recharge areas of the Guarani Aquifer. The persistence of sulfentrazone is long, which makes it essential the use planning of this herbicide, which is an important tool in weed management in the sugarcane crop (Dan et al., 2011) .
Conclusion
Leaching of sulfentrazone was dependent on the accumulated rainfall as well as soil texture.
More intense accumulations of rainfall can induce sulfentrazone at greater depths in a sandy soil.
The sorghum plant was more sensitive than hairy beggarticks to be used as bioindicator plant, because regardless of the studied rainfall showed the presence of the herbicide at greater depths.
